Variation of relative humidity (rH) greatly affects the internal order of solventbased protein crystals, and the rearrangement of molecules can be efficiently recorded in distinct diffraction patterns. This study focuses on this topic, reporting the effect of rH variation experiments on hen egg white lysozyme (HEWL) polycrystalline precipitates of tetragonal symmetry using X-ray powder diffraction (XRPD). In situ XRPD data were collected on HEWL specimens during dehydration and rehydration processes using laboratory instrumentation. A known polymorph [space group P4 3 2 1 2, a = 79.07181 (1), c = 38.0776 (1) Å ] was identified during gradual dehydration from 95 to 63% rH and vice versa. Pawley analysis of collected data sets and accurate extraction of unitcell parameters indicated a characteristic evolution of the tetragonal axes with rH. In addition, there is a low humidity level below which samples do not retain their crystallinity. This work illustrates the accuracy of laboratory XRPD as a probe for time-resolved studies of proteins and in situ investigations of gradual structural modifications upon rH variation. These experiments provide essential information for improving production and post-production practices of microcrystalline protein-based pharmaceuticals.
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Introduction
Proteins are naturally soluble molecules which can be prompted to form crystals when the solution becomes supersaturated under specific conditions (pH, ionic strength, temperature, protein and precipitant concentrations etc.) (George & Wilson, 1994; Durbin & Feher, 1996; Box, 1980; Lu et al., 2002; Asherie, 2004) . Inside the crystal, protein molecules are surrounded by solvent and their packing arrangement is stabilized by noncovalent interactions (Janin & Rodier, 1995; Carugo & Argos, 1997; Nakasako, 2004) . Protein crystals are highly hydrated as 30-70% of their volume is occupied by solvent, which permeates the crystal in channels (Matthews, 1968) . Changes in the crystal's environment, especially factors such as temperature and relative humidity (rH) levels, strongly affect the bulk solvent that fills the intermolecular space, resulting in changes in the crystal structure.
The direct association between dehydration phenomena, unit-cell parameter variation, observation of new tertiary structures and improvement in data quality at lower humidity levels has been recognized since Max Perutz's revolutionary experiments in the 1940s (Perutz, 1946) . To date, there have ISSN 1600-5767 # 2019 International Union of Crystallography been a few studies reporting major changes in unit-cell dimensions upon rH variation (Huxley & Kendrew, 1953; Einstein & Low, 1962; Perutz, 1964; Salunke et al., 1985) , while the relation between dehydration and enhancement of diffraction quality has been exploited in several projects either accidentally (Esnouf et al., 1998; Kuo et al., 2003; Sam et al., 2006) or deliberately (Henrich et al., 2003; Kyrieleis et al., 2005) , leading to the production of several devices over the years (Kiefersauer et al., 2000) .
Diffraction quality and data resolution, aspects of great importance for structural determination via X-ray crystallography, generally rely on a continuous 'trial-and-error approach' until the collection of the appropriate diffraction pattern. An alternative methodology, introduced by Dobrianov et al. (2001) , employs controlled sample dehydration and periodic exposure to X-rays, investigating crucial lower rH levels for achieving the best diffraction quality and for preventing crystal collapse, as well as the potential reversibility of these phenomena. Like other processes such as heavy-atom compound binding and cryo-protectant soaks, this type of post-growth treatment involves diffusive transport within the crystal packing (Huxley & Kendrew, 1953) . The latter causes severe modifications of the crystal symmetry and/ or lattice dimensions as well as molecular rearrangements which may lead to crystal cracking and lattice strains and may occasionally improve diffraction resolution (Dobrianov et al., 2001; Heras & Martin, 2005) .
However, growing a suitable single crystal is often a demanding and time-consuming process, while the structural characteristics of an individual crystallite may not be representative of a sample containing billions of them. This is exactly the case in a significant and steadily increasing number of pharmaceutical compounds, which contain an almost infinite number of microcrystals (Datta & Grant, 2004) , produced via salting-out precipitation in batch mode (Von Dreele, 2003; Basso et al., 2005) . The structural behaviour of the compound should be characterized by examining the assembly of the micrometre-sized (1-10 mm) crystals, an approach which is most easily achieved via X-ray powder diffraction (XRPD) measurements. Initially, XRPD was used routinely for phase identification and quantitative phase analysis of inorganic and small organic molecules, especially in an industrial environment (Klug & Alexander, 1974; Alexander, 1976) . However, the Rietveld refinement method (Rietveld, 1969) led to expansion of the technique's applications to structure characterization of many different types of compound. The complexity of the structures solved and refined using XRPD data has continuously increased, including the structures of zeolites, small organic molecules and, most recently, biological macromolecules (Cheetham & Taylor, 1977; Harris & Tremayne, 1996 , Von Dreele, 1999 .
Macromolecular powder diffraction has reached the point where high-quality data are routinely recorded (to $3 Å resolution) from polycrystalline proteins Shapiro et al., 2008) Fujii et al., 2011; Hunter et al., 2011; Karavassili et al., 2012 Karavassili et al., , 2017 Frankaer et al., 2014; Das et al., 2015; Fili et al., 2015 Fili et al., , 2016 Valmas et al., 2015 Valmas et al., , 2017 . Lower-quality crystals can be studied, polymorph screening is routine practice and time-resolved studies are also possible (Margiolaki & Wright, 2008) . The latter is manifested in this study. Recent advances in experimental approaches and instrumentation have been essential in this progress. In contrast to our previous studies, in this project the majority of XRPD data were collected using a laboratory source rather than with synchrotron radiation.
In addition, further development of devices that accurately control relative humidity was vital for the accomplishment of this project. Until recently, preferred humidity levels were approximately achieved by placing a protein sample together with a plug of a specific saturated salt solution (the crystal-tosalt-solution distance was $1 cm) in grease-sealed capillaries. Lately, a more sophisticated, accurate and technologically advanced solution was provided by the Anton Paar Company. An MHC-trans humidity chamber (multi-sample humidity chamber transmission), compatible with the Empyrean X-ray powder diffractometer by Malvern Panalytical, is now commercially available for in situ experiments and observation of structural modifications under controlled temperature and humidity conditions. The sample temperature and rH level are regulated by two control units which are interdependent in order to have precise control of the temperature and humidity while avoiding condensation (Zellnitz et al., 2015) .
In this study, we report a thorough investigation of the structural behaviour in terms of unit-cell parameters of hen egg white lysozyme (HEWL) polycrystalline precipitates upon controlled humidity variation. HEWL is a small molecule (14 kDa) with strong antibacterial activity (Sauter et al., 2001) . Owing to the low molecular weight, high stability and low cost, HEWL is widely used as a model molecule for method development in structural biology (Dobrianov et al., 2001; Sauter et al., 2001) . In addition to the previously mentioned features, HEWL was selected because of its rapid crystallization under various conditions, providing reproducible results suitable for accurate structural characterization (Sauter et al., 2001) . We report the evolution of the tetragonal lattice dimensions indicating molecular rearrangements, a slight improvement in diffraction quality observed at lower humidity levels and an accurate estimation of the lowest humidity level to which crystallinity is preserved. All experiments were performed at room temperature.
Experimental

Crystallization
Lyophilized HEWL was purchased from AppliChem (product No. A4972; CAS-No. 9001-63-2) and CARL ROTH (product No. 8259; CAS-No. 12650-88-3) . Crystallization was initially performed by employing a published protocol (Dobrianov et al., 2001) , which was slightly modified in order to be optimal for polycrystalline precipitate production. Crystallites were grown using the salting-out method (Hofmeister, 1888) in batch mode. Five hundred microlitre (500 ml) samples of protein solution (140 mg ml À1 ), in 0.1 M sodium acetate buffer (pH 4.5), were placed in Eppendorf Tubes and were mixed with an equal amount of crystallization buffer (0.1 M sodium acetate, 2.4 M NaCl pH 4.5), resulting in a final protein concentration of 70 mg ml À1 per sample. All samples were stored at 277 K. After 48 h, the solution yielded $100 ml volumes of polycrystalline material (Fig. 1). 
Data collection using laboratory and synchrotron sources
Preliminary data of enhanced angular resolution were collected under ambient conditions at the high-resolution powder diffraction beamline, ID22 (Fitch, 2004) , of the European Synchrotron Radiation Facility (ESRF) in Grenoble.
Polycrystalline samples were loaded in borosilicate glass capillaries, of 1.0 mm inner diameter, which were later centrifuged to achieve better packing of the crystals in the beam. After centrifugation, capillaries were wax sealed to avoid solvent evaporation and mounted on a translating fast capillary spinner on the axis of the diffractometer. Patterns were measured with a period of 2.0 min using a beam size of 1.5 mm 2 (photon flux on sample $3 Â 10 12 photons s À1 ). Spinning in combination with the rapid data collection performance of this beamline guaranteed enhanced diffracting particle statistics. Approximately ten scans were collected per sample (two scans per position followed by sample translation of 2 mm), at room temperature and a wavelength of 1.29976 (2) Å . Appreciable changes were observed in the data after several patterns had been collected because of radiation damage, as previously reported (Basso et al., 2005; . In order to increase the counting statistics without compromising the data quality, identical scans, collected from fresh parts of the samples, were summed together (Margiolaki et al., 2013) .
In situ XRPD data were collected upon controlled rH variation using a laboratory Empyrean diffractometer (Malvern Panalytical) equipped with a built-in transmission temperature humidity chamber (MHC-trans Anton Paar) (Zellnitz et al., 2015) . On the incident beam side are an elliptical focusing X-ray mirror for Cu radiation [ = 1.540585 (3) Å ] (Hö lzer et al., 1997), a 0.25 entrance slit and a 0.5 anti-scatter slit, and 0.04 rad Soller slits. The Anton Paar temperature-controlled humidity chamber was mounted on a motorized z stage for height positioning of the samples.
On the diffracted beam side a linear detector (Malvern Panalytical's PIXcel 3D detector with Medipix3 technology) was employed, with a 5 mm anti-scatter slit and Soller slits of 0.04 rad. The low-angle part of the diffraction profile generally contains the strongest reflections. The detector has the ability to record 1D measurements with a certain resolution: the pixel/strip size of the PIXcel detectors is 55 mm. 2 scans were performed within a range of approximately 1.5-15
. Data collection was performed with Cu radiation wavelength = 1.540585 (3) Å at room temperature (RT, 292-293.7 K), under controlled rH variation. Protein crystalline precipitates stored in Eppendorf Tubes were centrifuged and excess mother liquor was removed. After centrifugation, the mother liquor was discarded. Approximately 100 ml of crystals were loaded on thin Kapton (polyimide) foil holders, in order to reduce the background contribution, and were placed on a multipleposition sample holder inside the humidity chamber (Fig. 2) . No radiation damage was observed after 24 h of data collection.
In order to examine the structural modifications in protein crystals upon rH variation and the effect of the rate of variation on that process, two different series of experiments were conducted following different approaches. The first corresponds to gradual sample dehydration (series 1), while the second relates to larger humidity modifications (series 2). In general, all experiments were conducted via the following steps: (1) set a specific rH level; (2) equilibration (minutes to hours) between the sample and its environment; (3) XRPD data collection; (4) change to a new rH level.
During experiments of series 1, the rH was set to an initial value of 95%. After a 30 min time interval until equilibrium, a reference XRPD pattern was collected, and then the sample was subjected to gradual dehydration with a step of 4%. After a 30 min time interval for the system to reach each new equilibrium state, one additional XRPD pattern was collected. The decreasing rH levels at which data were collected were 95, 91, 87, 83, 79, 75, 71, 67 were conducted; the first employed the same dehydration step of 4%, 90 min time intervals and a lowest rH level of 71%, while in the last experiment of series 1, the dehydration step was slightly altered (5% instead of 4%), the minimum rH was 75% and 6 h time intervals were allowed at every rH level prior to data collection. In all three experiments, after reaching the lowest humidity level, samples were rehydrated following the exact reverse process in terms of rehydration step and time interval per rH level.
For the experiments of series 2, the rH was drastically modified from an initial level of 95% directly to 71 and 75%, as well as from 94 to 80% rH level, corresponding to dehydration steps of À24, À20 and À14%, respectively. Reference XRPD patterns were collected at 95 and 94%, and then the rH was set to its final value. When the system reached the lowest rH level, another XRPD pattern was collected. Measurements of 30 min each were performed after setting the rH to the lowest level. All samples were rehydrated with the same step and time interval per rH as during dehydration. Details of these measurements are listed in Table 1 .
All XRPD profiles were indexed using the software DASH (David et al., 2006) and HighScore Plus (Degen et al., 2014) , employing the fitted positions of at least the first 20 reflections of the high-angular-resolution powder diffraction data sets. From the analysis, the symmetry, space group and preliminary unit-cell parameters were determined for all data sets, while in order to obtain accurate values of the unit-cell parameters and characterize the peak shape and background coefficients, Pawley fits (Pawley, 1981) were performed using HighScore Plus (Degen et al., 2014) for laboratory data and the PRODD software for synchrotron data (Wright, 2004) .
Results
When HEWL was crystallized in the presence of 0.1 M sodium acetate, 2.4 M NaCl pH 4.5 at T = 277 K, tetragonal symmetry (space group P4 3 2 1 2, a = 79.05, c = 38.09 Å ) (PDB entry 1jis; Datta et al., 2001 ) was identified via high-resolution XRPD data collection at ID22 (ESRF). No intermixture of crystalline phases was observed. Pawley analysis was performed in order to obtain accurate unit-cell parameters. The analysis was satisfactory (Fig. 3) , with precise parameters [a = 79.07181 (1), c = 38.0776 (1) Å ] and typical agreement factors of R wp = 13.821% and 2 = 0.8923. The data acquired for the tetragonal polycrystalline samples extended to a d-spacing resolution of approximately 4.4 Å .
The same tetragonal crystal form was identified using laboratory XRPD data in both series of experiments. Pawley analysis resulted in unit-cell dimensions of a = 79.249 (5), c = 37.981 (2) (Fig. 4) Figure 3 Pawley fit of synchrotron data (HEWL crystallized at pH 4.1, space group P4 3 2 1 2). Data were collected on ID22 at ESRF [280 K, = 1.29976 (2) Å ]. The black, red and lower blue lines represent the experimental data, the calculated pattern, and the difference between the experimental and calculated profiles, respectively. The vertical bars correspond to Bragg reflections compatible with this particular space group (P4 3 2 1 2). Inset: magnification of the 1.2-4.0 2 region.
Figure 4
Pawley fit of XRPD data of polycrystalline HEWL (pH 4.1, space group P4 3 2 1 2). Data were collected using a laboratory X-ray powder diffractometer (Empyrean) equipped with a built-in MHC-trans humidity chamber [ = 1.540585 (3) Å , RT] (Malvern Panalytical Company). The upper black and red lines represent the experimental data and the calculated profiles, respectively, while the lower blue line represents the difference between the experimental and calculated profiles. The vertical bars (lower and upper panels) correspond to the Bragg reflections compatible with this space group (P4 3 2 1 2).
Figure 5
Surface plot of XRPD data of HEWL polycrystalline precipitates upon gradual dehydration from 95 to 71% (6 h time interval per step). Samples were crystallized at pH 4.1 and 277 K. Data were collected using a laboratory X-ray powder diffractometer (Empyrean) equipped with a built-in MHC-trans humidity chamber [ = 1.540585 (3) Å , RT] (Malvern Panalytical Company). Alterations of the peak positions and intensities are evident upon gradual dehydration of the crystals' environment.
Figure 6
Evolution of normalized unit-cell parameters during dehydration of HEWL polycrystalline samples: a axis (upper left image), c axis (upper right image) and unit-cell volume (lower image). Black symbols correspond to gradual dehydration down to 63% (À4% step, 30 min), and red and blue symbols correspond to gradual dehydration down to 71% with À4% dehydration step and 90 min or 6 h time intervals, respectively. Purple circles correspond to gradual dehydration down to 75% (À5% step, 6 h). The data were collected using the laboratory diffractometer. The lines are guides to the eye.
polycrystalline samples extended to a d-spacing resolution of approximately 6.0 Å . According to Matthews coefficient calculations (Matthews, 1968; Kantardjieff & Rupp, 2003) ).
Gradual rH variation experiments (series 1)
Data analysis revealed a particular unit-cell evolution during both dehydration and rehydration processes, an effect evident in a surface plot of the XRPD patterns where a constant alteration in diffraction peak positions was observed (Fig. 5) . Specifically, upon gradual dehydration, the tetragonal a axis decreases progressively, whereas the c axis increases smoothly by 1% until the rH reaches 75% (Fig. 6) . At an rH level of <75%, an abrupt modification in crystal structure occurs, reflected especially via the c axis which rapidly decreases. This process ends in some cases with complete loss of crystallinity. The unit-cell volume decreases in most of the examined conditions (Fig. 6) . Rehydration of the polycrystalline material was attempted following all dehydration experiments. However, rehydration was successful only in the two cases where crystallinity was preserved upon dehydration: 71% ! 95% (+4% rH step, 1.5 h time interval) and 75% ! 95% (+5% rH step, 6 h time interval) (Fig. 7) .
We note that, in the case where the polycrystalline material remained for 6 h at 71% rH, the rehydration process was unsuccessful. The diffraction signal was progressively worse Evolution of normalized unit-cell parameters upon gradual rehydration of HEWL polycrystalline samples from rH of 71% (left) or 75% (right) to 95%. Blue symbols correspond to evolution of the unit-cell volume, and black and red symbols correspond to evolution of the a axis and the c axis respectively. The data were collected using the laboratory diffractometer. The lines are guides to the eye. until it was finally lost, indicating gradual sample amorphization. Regarding the lowest rH level at which crystallinity is retained, our results suggest that 90 min was not enough time for the system to reach an equilibrium state and 71% rH affects crystals in an irreversible way. Experiments upon dehydration from 95 to 75% with a 6 h time interval were successful: the crystallinity as derived from the diffraction quality was preserved, while the normalized tetragonal axis a decreases and the c axis increases, progressively (Fig. 8) .
The exact value of the minimum rH level is still under examination. The absolute values of the unit-cell parameters as well as the relative variations at all rH levels are provided in Tables 2-7 . Evolution of normalized unit-cell parameters upon dehydration of HEWL polycrystalline samples from 94% rH directly to 80% (À14% dehydration step) and from 95% to 75% (À20% dehydration step) or 71% (À24% dehydration step). Blue symbols correspond to dehydration directly to 80%, whereas dehydration directly to the 75 or 71% rH level is shown with red and black symbols, respectively. The data were collected using the laboratory diffractometer. The lines are guides to the eye. These results suggest that the lowest humidity level at which HEWL crystals retain their crystallinity ranges from 75 to 71%, while the time required for the polycrystalline precipitate to equilibrate with the set rH of the humidity chamber is between 1.5 and 6 h. The aforementioned observations regarding the tetragonal crystalline material are in accordance with earlier observations on a new monoclinic crystal form of HEWL (Trampari et al., 2018) .
Direct rH variation experiments (series 2)
In the case that HEWL polycrystalline precipitates were dehydrated with greater humidity steps (À24, À20 and À14% as described in x2.2), the recorded crystal alterations are more radical, ending up in most cases with complete disintegration of the crystal matrix (Tables 8 and 9 ).
Specifically, in the dehydration experiment from 95 to 71%, after 60 min, the c axis decreases rapidly by 0.60% with Table 8 Pawley-refined unit-cell parameters and experimental details of series 2 experiments. respect to its initial value, while the same behaviour was recorded until the measurement of 180 min where samples retain their crystallinity. The diffraction signal was lost 270 min after the precipitate's first exposure to X-rays at 71% rH, indicating that the crystals had already been destroyed. Upon direct dehydration from 95 to 75%, the a axis progressively decreases (by 0.003-0.82% as listed in Table 9 ) while the c axis slightly expands, as illustrated in Fig. 8 . This motif of the variation is constant and it is preserved until the last XRPD measurement, 410 min after its first exposure to X-rays at 75%. Reduction of the a axis and expansion of the c axis were also observed upon dehydration from 94 to 80%, where this time samples retain their crystallinity for as long as 16 h (Fig. 8) . The alterations of the normalized unit-cell parameters and relative variations of the tetragonal axes from series 2 experiments are listed in Tables 8 and 9 , respectively. In all cases, the dehydrated crystallites rehydrated to initial rH values, but only samples that rehydrated from 80 to 94% rH show reverse evolution of their unit-cell parameters, from which we can conclude that their crystal structure was restored (Fig. 9) . In the other two cases, despite rehydration, the diffraction signal constantly deteriorated until it was completely lost, indicating that the samples could not recover their crystallinity. The dehydrated samples that remained crystalline and were rehydrated to 94% rH exhibit small changes in their lattice dimensions with a 60 min time interval, and afterwards the crystal structure stays quite stable, which suggests that the system reached an equilibrium state.
Discussion
In the present work, we performed an in situ XRPD study of tetragonal HEWL upon rH variation using a laboratory source. Crystallization experiments were performed several times using the salting-out batch method, resulting in polycrystalline precipitates (crystal sizes < 30 mm) which were later employed for XRPD measurements. Data analysis of the already known tetragonal crystal form of HEWL (PDB code 1jis; Datta et al., 2001 ) revealed quantitative information regarding the structural behaviour of the material during the de-and rehydration processes (Fig. 10) .
When polycrystalline precipitates were gradually dehydrated (series 1 experiments), moderate crystal modifications occurred. It was observed that when samples were exposed at 71% rH for 1.5 h they adapted to the new rH levels by adjusting their unit-cell dimensions. However, longer time intervals at the same rH led to crystal matrix disassociation (evident as loss of diffraction signal), indicating that 90 min is not enough time for the crystals to reach their new equilibrium. On the other hand, protein crystals successfully survived after 6 h exposure to 75% rH, demonstrating that the lowest rH at which samples retain their crystallinity is between 71 and 75%. In addition, the time required for a crystalline sample to complete internal rearrangements as a response to a new rH level is between 1.5 and 6 h. Additional experiments Evolution of normalized unit-cell parameters upon dehydration (left) of HEWL polycrystalline samples from 94% rH directly to 80% ($14% dehydration step) and rehydration to the initial rH level of 94% (right). Blue symbols correspond to evolution of the normalized unit-cell volume, and black and red symbols correspond to evolution of the a axis and the c axis, respectively. The data were collected using the laboratory diffractometer. The lines are guides to the eye. for accurate determination of the aforementioned values are currently being conducted.
Rehydration procedures of the examined crystalline samples were performed in order to investigate if the molecular rearrangements induced by dehydration are reversible. In the cases where the crystal matrix was destroyed owing to dehydration (i.e. 71% rH for 6 h), restoring crystallinity was not possible. On the other hand, inversion of dehydration effects was feasible in crystals that retained their crystal structure at the lowest rH level examined (i.e. 71% rH for 1.5 h) upon gradual rehydration.
These experiments underline the significance of the suitable time interval for the samples to reach their rH equilibrium. To date, in dehydration experiments conducted with single crystals, the preferred rH balance was easily achieved within a timescale of minutes. This is feasible because the protein crystals are removed from their mother liquor and directly exposed to the selected rH level, surrounded by an extremely thin layer of solution. This is not the case in polycrystalline samples as, once they are placed in sample holders, they are in the form of a viscous slurry. In the sample holder the slurry containing millions of microcrystals is quickly separated into two layers: the crystals, owing to their size and weight, move rapidly to the bottom of the droplet, while at the top, a thick layer of mother liquor is formed, protecting the crystals from direct contact with their environment. Thus, samples reach their rH equilibrium via a two-step process: first the mother liquor surrounding crystals evaporates and then crystals attain the selected rH level. Another important difference between a single crystal and a powder sample is the volume-surface ratio. In the case of a single crystal, the surface exposed to the environmental conditions is significantly lower in comparison to a powder material. Therefore, longer times are required for powder samples to equilibrate. This slow process is the reason why the appropriate time interval at the new rH level before the exposure of the sample to X-rays is determined to be somewhere between 1.5 and 6 h.
Additionally, data extracted from series 2 experiments indicated that better recording of structural alterations is achieved when the dehydration procedure is gradual and not via direct jumps to lower rH levels. Particularly, when crystals were exposed directly from 95 to 75% rH, they did not resist the structural modifications caused by the considerable evacuation of solvent from the inner solvent channels. The irreversible disassociation of the crystalline matrix was evident as a loss of diffraction signal, indicating how the rate of the transition from one rH level to another affects the magnitude of the structural changes.
These observations regarding the tetragonal crystalline form of HEWL are in good agreement with previous results from experiments conducted by our team on a new monoclinic HEWL crystal form (Trampari et al., 2018) , especially in terms of the necessary equilibrium time (between 3 and 6 h). On the other hand, there is a slight difference regarding the lowest rH where the two crystal forms preserve their crystallinity. Tetragonal HEWL crystals maintained their inner organization after a 6 h time interval at 75% rH, while monoclinic crystals collapsed. This could be explained by considering the initial solvent content of these crystals, which is $35% for the monoclinic and $41% for the tetragonal form. Both crystal types, in order to adapt to gradual dehydration from 95 to 75% rH, will lose $20% of their water-based solvent, ending up with 28 and 33%, respectively. Although the greater part of the loss will be disordered ('bulk') solvent, which fills intermolecular space, there is a probability that the neighbouring ordered solvent will also be affected. Water molecules of the ordered solvent occupy specific positions with respect to the protein, developing (hydrogen) bonds and thus stabilizing the protein's intermolecular network (Blake et al., 1983) . In the already densely packed monoclinic crystals, these essential water molecules are more susceptible to dislocation, which could consequently lead to crystal-matrix breakdown. Note that monoclinic crystals have (on average) smaller sizes than tetragonal ones, a fact that could minimize the necessary time for water molecules to diffuse from solvent channels to the crystal's surface, allowing for faster crystallite dehydration and subsequently lattice disassociation.
Relative humidity plays an important role in both pharmaceutical manufacturing processes and compounds' packaging. Considerably low rH in a production line may dry up drugs, while an rH that is too high may increase the 'water activity' and potentially the growth of microorganisms in process lines and their products. The examination of the effects of rH in a pharmaceutical compound is a standard process, part of stability ('stress') testing of new drug substances and products (ICH, 2003) . Stress testing is likely to be carried out on a single batch of the drug substance. It should include the effect of temperature [in 10 K increments (e.g. 323 K, 333 K etc.)], humidity (e.g. 75% rH or greater where appropriate), oxidation and photolysis on the drug substance. Testing should also evaluate the susceptibility of the drug substance to hydrolysis across a wide range of pH values when in solution or suspension. Thus, it is evident that the type of information extracted in this project could be valuable for the pharmaceutical industry as an increasing number of products today contain polycrystalline material.
Because an accident or wrong material handling will lead most probably to direct humidity jumps and not to gradual dehydration, rH experiments can provide evidence regarding the behaviour of the product under unexpected conditions. These conditions may alter the tertiary structure of the molecule, modifying its physicochemical/biochemical characteristics and a drug's ADME: absorption, distribution, metabolism and excretion. Therefore, diffraction data and the consequent structural analysis will aid towards amelioration of production and post-production processes and routines.
Further experiments are currently being conducted in order to improve the angular (synchrotron facilities) and d-spacing (laboratory) resolution limits of the collected XRPD profiles. Data of the highest quality will be combined, allowing for the successful structure solution and refinement of the molecule, while the obtained structure will be verified by single-crystal X-ray diffraction measurements. The additional experiments will also help towards a better understanding of the nature of research papers our observations, verify their reproducibility and contribute to accurate identification of the lowest rH values as well as the appropriate equilibrium time, leading to an optimal protocol for dehydration processes.
Conclusions
This study further ameliorates the preliminary protocol for quick and accurate extraction of structural information from protein polycrystalline precipitates upon humidity variation using X-ray powder diffraction and laboratory instrumentation, established in earlier studies. Two types of experiments were performed on HEWL specimens. Upon direct dehydration to lower humidity levels, samples lose their crystallinity after 4-6 h, while at slightly higher rH (80%), crystallinity is retained for 16 h. Upon gradual dehydration to 75% rH, samples similarly maintain their crystallinity for several hours, while successful rehydration attempts underline the reversible effect of gradual reduction of rH to this level. In summary, the lowest rH at which the crystalline material under examination preserves its structure is between 71 and 75%, while the time required for a polycrystalline sample to fully adjust to the desired rH is between 3 and 6 h. The quality of the data obtained from laboratory instrumentation available in most chemistry laboratories and pharma R&Ds, as well as the accuracy of the extracted results, demonstrates XRPD as a valuable tool for crystal screening of macromolecular microcrystalline pharmaceutical formulations. Protein powder diffraction is able to assist the optimization of the production practices, considerably accelerating pharmaceutical product quality control processes and further refining a drug's ADME (Lipinski et al., 1997; Prueksaritanont & Tang, 2012) .
The novelty and precision of the aforementioned results emphasize the applicability of XRPD methods for in situ macromolecular crystal screening, as high-quality diffraction data can be effectively recorded from laboratory sources. Our belief is that the systematic study of structural changes upon rH variation on protein powder samples via XRPD methods will soon become routine practice in numerous laboratories, providing invaluable information especially in the development of therapeutics.
